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We report the observation of a two-dimensional (2D) checkerboard charge density wave (CDW) in the low-
dimensional superconductor Ta4Pd3Te16. By determining its CDW properties across the temperature-pressure
(T -P) phase diagram and comparing with prototypical CDW materials, we conclude that Ta4Pd3Te16 features
(a) an incommensurate CDW with a mixed character of dimensions [quasi-1D (Q1D) considering its needlelike
shape along the b axis, Q2D as the CDW has checkerboard wave vectors, and 3D because of CDW projections
along all three axes], and (b) one of the weakest CDWs compared to its superconductivity (SC), i.e., enhanced
SC with respect to CDW, suggesting an interesting interplay of the two orders.
DOI: 10.1103/PhysRevResearch.2.042042
Charge density waves (CDWs), electronic instabilities
originally considered in one dimension (1D) [1], have
now been found in various forms and exist not only in
quasi-one-dimensional (Q1D) materials but also in quasi-two-
dimensional (Q2D) and three-dimensional (3D) systems [2,3].
Q1D systems such as the transition metal trichalcogenide
compounds are generally expected to be unstable to CDW
formation via the Peierls instability, i.e., Fermi-surface (FS)
nesting (FSN) [4]. However, in systems with higher dimen-
sions, such as the transition metal dichalcogenides (Q2D)
and cubic system R3T4X13 (3D) [5,6], FSN is not the natural
explanation for CDW formation. A single wave vector will
always nest the two points of the FS onto one another in 1D;
in 2D and 3D a special shape of FS would be required to
match large portions of the FS onto itself. Instead, CDWs
in higher-dimensional materials such as NbSe2, often have
a more complex origin involving the momentum and orbital
dependence of the electron-phonon coupling matrix [7–9].
The electron-phonon coupling required for the CDW or-
der may also facilitate superconductivity (SC) based on the
standard Bardeen-Cooper-Schrieffer (BCS) mechanism [10],
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and the two orders are often found to be proximal or to co-
exist [2,3,11–15]. However, the interplay of the CDW and SC
may extend well beyond the BCS picture, where the pairing
mechanism may not be phonon mediated and the SC becomes
unconventional. In cuprates, for example, the relative strength
of the SC with respect to the charge order is much stronger
than that in conventional superconductors [13] and the inter-
play of charge order and SC is still highly debated [16–20].
It is possible that SC in some unconventional superconduc-
tors could be enhanced by quantum fluctuations accompanied
by the suppression of the CDW to a quantum critical point
(QCP) [21,22]. In reality, however, it is extremely difficult
to discern the different yet possibly intertwined mechanisms
contributing to the interplay of the CDW and SC, including
dimensionality and critical fluctuations. Here, we report a
CDW system that may serve as an ideal platform for such
studies.
Featuring three chains of PdTe2, TaTe3, and Ta2Te4
along its b axis, aligned into planes perpendicular to c,
the monoclinic crystalline structure of Ta4Pd3Te16 with lat-
tice parameters a = 17.687 Å, b = 3.735 Å, c = 19.510 Å,
and β = 110.42◦ [23] is reminiscent of those of trichalco-
genide compounds such as ZrSe3, TaSe3, NbSe3, and TaS3.
However, transport measurements on Ta4Pd3Te16 indicate
resistivity ratios along the a∗ : b : c directions of 4 : 1 : 13
at room temperature (T ), evolving to 10 : 1 : 20 just above
the superconducting transition Tc ∼ 4.6 K [24]. The ratios
suggest a rather weak anisotropy, and the material itself is
better thought of as having a character of mixed dimension-
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ality: Q1D (along b), Q2D (cleavage plane perpendicular to
c), and 3D (relatively weak anisotropy), which, as we will
show below, underlies an interesting 2D checkerboard CDW
in this system with wave vectors projected along all three
axes.
Previous studies of Ta4Pd3Te16 have revealed an
anisotropic SC ground state [25,26]. Under pressure (P),
a dome-shaped SC phase with maximum Tc ∼ 6 K at
0.2–0.3 GPa was discovered [27,28]. Some evidence suggests
that the SC order parameter in Ta4Pd3Te16 might have
a d-wave symmetry and thus an unconventional origin
[25,27,29]. Others have argued that the experimental findings
may be explained by the more conventional s-wave SC
order parameter and the multiband nature of the compound
[30–32]. While phase-sensitive measurements are needed to
eventually reveal the pairing symmetry, the SC in Ta4Pd3Te16
is also interesting because of hints of its proximity to a CDW
phase [24,30–33]. NMR/NQR [31] and thermodynamic
measurements [24] suggest a CDW transition temperature
(TCDW) of ∼20 K, while Raman scattering measurements
support the emergence of CDW fluctuations below 140–200 K
[33]. Additionally, scanning tunneling microscopy (STM)
measurements have shown period-4 commensurate CDW-like
stripes along the b axis that coexist with SC [30]. However,
the suggested wave vector is seemingly at odds with transport
measurements, which reveal a resistivity anomaly primarily
along the a∗ direction while being much weaker along the
b and c directions [24]. Therefore, a direct measurement of
the bulk CDW in Ta4Pd3Te16 is critical for reconciling these
experimental results and understanding the interplay of SC
and CDW in this material.
In this Rapid Communication, we report the direct observa-
tion of a delicate CDW in Ta4Pd3Te16 using synchrotron x-ray
diffraction (see Supplemental Material [34]). We establish the
T -P phase diagram, which reveals a low TCDW ∼ 16 K at
ambient P, quickly suppressed with increasing P, becoming
undetectable where Tc reaches its maximum. Our de Haas–
van Alphen (dHvA) oscillation measurements (see Fig. S2
and related text in Supplemental Material [34]) do not show
any sign of FS reconstruction through the CDW transition,
consistent with an earlier report [24]. The observed CDW has
a checkerboard pattern in real space, which resembles more
closely the checkerboard CDW in quasi-2D systems such as
NbSe2 [3] rather than those in typical Q1D systems such as
NbSe3, where multiple CDWs, if they exist, are typically uni-
directional and independent [2]. However, unlike the CDWs
seen in most Q2D systems, the CDW in Ta4Pd3Te16 does
not lie within the Q2D planes. These peculiar dimensional
properties may explain its weak CDW, as we discuss in detail
below.
We obtained the most direct evidence of a checkerboard
CDW in Ta4Pd3Te16 using ambient-P x-ray diffraction [34],
which provides an unambiguous identification of the bulk
CDW and its wave vectors. Using a high-dynamic-range area
detector, we scanned wide areas across multiple Brillouin
zones in many directions, including along the wave vector
[0 0.25 0] suggested by a previous STM study [30]. However,
our x-ray scans did not reveal any CDW peak along this
direction. Instead, we identified two peaks at wave vectors
Q1 = [−0.2 0.21 − 0.3] and Q2 = [0.2 0.21 0.3] in all the
FIG. 1. (a) 2D diffraction pattern along H and L at K = 4.21
for T = 5 K, where H , K , and L positions are given in recipro-
cal lattice units (r.l.u.). Two CDW peaks, labeled as Q1 and Q2,
appear in all the Brillouin zones covered in the experiment: Q1 ∼
(−0.20, 0.21, −0.30) and Q2 ∼ (0.20, 0.21, 0.30). The same ob-
servation is made at K = 2.21. (b) The CDW peak [(−1, 4, 1) +
(−0.20, qk,−0.30)] Q1 along K for several T , with the 30-K back-
ground trace subtracted. Solid lines are Lorentzian fits to data. Error
bars correspond to 1 standard deviation (SD) (square root of number
of counts). (c) Contour plot of the background-subtracted Q1 CDW
intensity along K. Black data points indicate the peak centers of
Lorentzian fits at each T . The short-dashed line guides the eye. The
horizontal dashed line indicates Tc = 4.6 K [23].
Brillouin zones within our detection range [Fig. 1(a)]. The
integrated intensity of the CDW peak is ∼10−3 the strength of
that at the nearby Bragg peak. The Q1 and Q2 wave vectors
are related by a 180◦ rotation about the b axis. Together they
constitute a commensurate pattern of the superlattice along the
H and L (or a∗ and c∗) directions.
We repeated the measurements at different T from 3.5 K up
to 30 K. Figure 1(b) shows the line cuts and their Lorentzian
fits along the K direction for the Q1 CDW near the (−1 4 1)
Bragg peak for a few selected T . The entire set of data
consisting of the line cuts at all measured T is summarized
in a color contour plot in Fig. 1(c). It is clear that, with
T increasing from 3.5 K, the Q1 CDW peak intensity first
increases and plateaus at 5–9 K, then diminishes and becomes
undetectable at TCDW ∼ 16 K, and this is accompanied by a
slight shift in the peak position. Our results are consistent
with the TCDW ∼ 20 K inferred from NMR/NQR [31] and
transport measurements [24]. We do not see any evidence
of a static CDW above ∼16 K, though our measurements
cannot rule out the possibility of fluctuating CDW order at
higher T . The signatures of phonon anomalies at higher T [33]
therefore might be attributed to a pseudogap phase, similar
to that in NbSe2 [35]. A comparison between TCDW (∼16 K)
and the energy gap ( = 20–30 meV) observed by STM [30]
suggests that the CDW in Ta4Pd3Te16 is in the strong-coupling
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FIG. 2. (a) The projected Q1 and Q2 CDW peak profiles along
K near (3, −1, 0) at T = 4.3 K and P = 0.2 GPa. (b) The T de-
pendence of the projected Q2 CDW peak profile at P = 0.2 GPa.
A linear background is subtracted from all the data. Solid lines are
Lorentzian fits to the data. The dashed line is a guide to the eye. Error
bars correspond to 1 SD.
limit (3.52kBTc  2), again similar to the case in NbSe2
[9] and cuprates [13]. It is interesting to point out that our
observation is consistent with an early band structure study on
rare-earth tellurides which suggests that a checkerboard state
would occur with sufficiently low TCDW, while a unidirectional
(stripe) CDW is favored with higher TCDW [36].
To confirm our observations at ambient P, and to further
explore the T -P phase diagram, we also conducted x-ray
diffraction under pressure at a different synchrotron source
[34]. With the lowest pressure achieved in our measure-
ment (P = 0.2 GPa [34]), we again observed the Q1 and
Q2 CDWs near the (3 − 1 0) Bragg peak, at T = 4.3 K, as
shown in Fig. 2(a). The ratio of the integrated intensity of
the CDW peak and the nearby Bragg peak is again ∼10−3,
in good agreement with our ambient-P results. The intensities
of the two CDWs are comparable within error, consistent
with the picture of one checkerboard CDW. The T depen-
dence of the qk line cuts are measured for the Q2 CDW at
P = 0.2 GPa. The results as seen in Fig. 2(b) clearly show
that the peak intensity is quickly suppressed with increasing
T , and becomes undetectable at 12 K. Moreover, as shown in
Fig. S4, our experiments do not show any sign of CDW [34] at
higher P (0.35 GPa), where the peak position of the reported
SC dome resides [27,28]. Therefore, we find that the CDW
becomes weaker, characterized by a smaller TCDW, with in-
creased P, and disappears at higher P when the SC is strongest
(maximum Tc). This seems to suggest a competitive nature of
the interplay between CDW and SC, and is consistent with
the fact that the ambient-P CDW peak intensity plateaus at
9–5 K, below which the SC emerges and CDW peak intensity
is weakened [see Figs. 1(c) and 3(a)]. However, as discussed
below, we do not rule out the effect of quantum fluctuations
near a CDW QCP on the SC. In cuprates, for example, while a
reduced CDW intensity below Tc was reported as evidence for
a CDW competing with SC [37], a recent study also revealed
the importance of a charge order quantum critical point [21].
FIG. 3. The T dependence of (a) the normalized peak intensity,
(b) the peak position, and (c) the FWHM along qk for the Q1 CDW
at 0 GPa and Q2 CDW at 0.2 GPa. The peak intensity shown in
(a) is normalized to its value at 4.5 K for ambient P and its value
at 4.3 K for 0.2 GPa. Solid lines guide the eye. Black and red dashed
lines indicate Tc at ambient P and 0.2 GPa [23,28]. (d) T -P phase
diagram of Ta4Pd3Te16. The open red symbol at 0.35 GPa is a null
data point, where no CDW peak is seen [34]. The phase boundary
of the incommensurate CDW (ICDW) phase, determined by the two
data points at 0 and 0.2 GPa as well as the null data point at 0.35 GPa,
is also indicated in the Fig. 4 by the red dashed line. Tc values are
from Ref. [27].
The T dependence of the CDW peak position along
qk, as shown in Figs. 1(c) and 3(b), shows some unex-
pected behaviors. At ambient P the CDW peak center along
qk shifts towards a commensurate value 0.2 (a real-space
periodicity of 5) with decreasing T , but saturates before
locking into that value. The peak also shifts further away
from qk = 0.2 under pressure. Therefore, it appears that
the CDW remains incommensurate along qk down to the
lowest T . Typically, one expects the CDW wave vec-
tor to evolve continuously with T until abruptly jumping
to a commensurate value, in a first-order lock-in phase
transition [38]. Examples include Q1D tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) and Q2D TaSe2.
However, many other materials show an evolution of the CDW
wave vector without an eventual lock-in [2], such as Q1D
NbSe3 and TbTe3 and Q2D NbSe2. Our observations indicate
that Ta4Pd3Te16 falls into this latter category.
The CDW wave vectors, Q1 = [−0.2 0.21 − 0.3] and
Q2 = [0.2 0.21 0.3], featuring modulations along all three
axes, appear at first to be at odds with the CDW reported in
the previous STM study, which found a period-4 commen-
surate charge modulation only along the b axis [30]. This
discrepancy underlies the importance of the synchrotron x-ray
measurement in directly observing the bulk CDW, in contrast
to the STM, which is sensitive only to the projection of the
charge modulation onto the sample surface [i.e., the (−1 0 3)
cleavage plane]. A careful analysis of the Q1 and Q2 wave
vectors and their projections on different planes (see Fig. S3
and the associated discussions in Supplemental Material [34])
confirms that the Q1 and Q2 wave vectors revealed in our x-
ray data actually reconciles the apparently conflicting results
from STM [30] and transport measurements [24].
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The CDW correlation length can be extracted from the
width of the CDW peak, which is measured by the full width
at half maximum (FWHM) of the Lorentzian fits [Figs. 1(b)
and 2, and also see Supplemental Material [34] for more
details]. The T -dependent FWHM at P = 0 and 0.2 GPa are
plotted in Fig. 3(c). At low T , FWHM ∼ 0.01 r.l.u., sug-
gesting a CDW correlation length ξCDW ∼ 120 Å along qk
[34]. A slight increase of FWHM to 0.015 r.l.u. is seen be-
low Tc, suggesting a possible competitive interplay of CDW
with SC. Near TCDW the FWHM increases drastically, and the
inferred ξCDW reduces to ∼30 Å, which is close to the CDW
wavelength (i.e., CDW modulation period) along the b axis
λb ∼ 5b ∼ 20 Å, signaling the melting of the static CDW at
higher T .
In Fig. 3(d) we establish the T -P phase diagram using
TCDW(P) from our x-ray diffraction measurements and Tc from
Ref. [27]. The SC dome peaks at the pressure where the
CDW vanishes. Although such observations may generally be
expected within standard BCS theory (i.e., Tc increases as the
density of states released upon CDW gap closure becomes
available for the formation of Cooper pairs), we note that
other scenarios including SC related to a CDW QCP [22]
may not be ruled out: (a) The energy scales of the CDW and
SC are comparable, while the former is typically much larger
than the latter in conventional superconductors; and (b) the
CDW transition in Ta4Pd3Te16 appears to be a second-order
phase transition, as hinted by the very weak kinklike feature
in resistivity [24] and the smooth evolution of the CDW order
parameter seen in our x-ray data, although we do not have ev-
idence regarding whether the transition remains second order
or sufficiently weak first order at T = 0.
Our results reveal a delicate checkerboard CDW in
Ta4Pd3Te16 (see the Supplemental Material [34]). It is found
that Ta4Pd3Te16 features (a) a character of mixed dimension-
ality, (b) two CDWs related by a lattice symmetry developing
at the same T , (c) CDW wavev ectors that are commensurate
along two lattice directions but incommensurate along the
third even at low T , (d) no clear signatures of FS reconstruc-
tion as the CDW develops (see our dHvA oscillation results),
and (e) an interesting interplay of the CDW and SC. The
uniqueness of the CDW in Ta4Pd3Te16 is further demonstrated
when comparing to other CDW materials.
On the one hand, Ta4Pd3Te16 is often considered Q1D,
structurally similar to the transition metal trichalcogenides
such as NbSe3, NbS3, ZrSe3, and TaSe3, each of which has
a monoclinic phase formed from chains within planes, and
also the rare-earth tritellurides RTe3 (R = Sm, Gd, Tb, Dy,
Ho, Er, Tm) with weakly orthorhombic structures. All these
materials host multiple CDWs [2], which, unlike Ta4Pd3Te16,
are not related by a lattice symmetry, and develop at different
T (also see Supplemental Material [34]). On the other hand,
the resistivity ratios of Ta4Pd3Te16 suggest that the material is
better thought of not as Q1D but as a dimensional hybrid with
Q1D chains within Q2D planes within a 3D material. Density
functional theory (DFT) calculations confirm the existence of
FS pockets of each dimensionality [32]. Thus a fairer com-
parison might be found with Q2D CDW materials such as
the transition metal dichalcogenides (TMDC) 2H-NbSe2, 2H-
TaSe2, and 1T -TaS2 [38,39], which, however, feature CDW
entirely within the Q2D planes.
FIG. 4. Phase diagram of a few selected compounds, as a func-
tion of T and P, showing TCDW (solid symbols) and Tc (open
symbols). For Ta4Pd3Te16, the CDW phase boundary, determined
from our x-ray data at 0, 0.2, and 0.35 GPa and indicated by the red
dashed line, is shown along with Tc values from Ref. [28]. Note that
logarithmic scales are used for both axes due to the vastly different
scales for the different materials. As a result, our data points at P = 0
and TCDW ∼ 0 become invisible, though the red dashed line remains
as a good indicator for the CDW phase boundary. Other compounds:
2H -NbSe2 [38,43]; o-TaS3 [41,42].
It has previously been argued that CDWs never truly
develop by a Q1D Peierls-type mechanism [7–9]. From
this point of view, all compounds with a purported low-
dimensional character might more reasonably be thought of
as dimensional hybrids, with Ta4Pd3Te16 simply being a
particularly clear example. A consequence can be seen in
the behavior of the CDW under pressure, and its interaction
with SC. As noted in Ref. [2], increasing P has the effect
of increasing interchain (or interplane) coupling, which might
have one of two opposite effects on TCDW depending on how
Q1D the system really is. In extreme Q1D systems, TCDW is
heavily suppressed by fluctuations to well below the value
predicted by mean-field theory [40]. The reduction in inter-
chain spacing (increased interchain coupling) decreases the
one-dimensional character of the system, suppressing these
fluctuations, and increasing TCDW. On the other hand, if TCDW
is not dictated by Q1D fluctuations, the primary effect of
the increased interchain coupling is to decrease the density
of states at the Fermi level, suppressing TCDW. In the stan-
dard BCS picture, the phonon mode formerly suppressed by
the CDW could become available to mediate SC at high P
and an SC phase could develop, although the resulting SC
phase does not necessarily form a dome centered around the
vanishing of the CDW. As shown in Figs. 4 and S5, such a
picture seems to apply to many Q2D and 3D materials [e.g.,
2H-NbSe2 [43], 2H-TaS2 [44,45], 1T -TaS2 [46], 1T -TaSe2
[47], 1T -TiSe2 [48], (Ca, Sr)3Ir4Sn13 [5,6]] (see Supplemen-
tal Material [34]), as well as to Ta4Pd3Te16 to a certain extent.
However, as explained above, we do not rule out the en-
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hancement of Tc due to possible QCP-related fluctuations in
Ta4Pd3Te16 and the possibility of an incommensurate density
wave quantum criticality in 2D metals has recently been dis-
cussed [49].
In summary, we report a direct observation of a bulk
CDW with its checkerboard wave vectors in Ta4Pd3Te16.
It shows several interesting characteristics: (a) a unique
mixed character of dimensionality and (b) the lowest value
of the TCDW/Tc among prototypical CDW materials. Future
studies with probes sensitive to both CDW and SC [e.g.,
high-P Raman spectroscopy, angle-resolved photoemission
spectroscopy (ARPES), second harmonic generation, etc.] are
desirable in order to fully understand this interesting interplay.
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Pressure Induced Superconductivity in Pristine 1T-TiSe2, Phys.
Rev. Lett. 103, 236401 (2009).
[49] J. Halbinger, D. Pimenov, and M. Punk, Incommensurate 2kF
density wave quantum criticality in two-dimensional metals,
Phys. Rev. B 99, 195102 (2019).
042042-6
